Citation: Haworth KM, Chandler HL. Oxidative stress measures of lipid and DNA damage in human tears. Invest Ophthalmol Vis Sci. 2017;58:BIO151-BIO157. DOI:10.1167/iovs.17-21436 PURPOSE. We evaluate feasibility and repeatability of measures for lipid peroxidation and DNA oxidation in human tears, as well as relationships between outcome variables, and compared our findings to previously reported methods of evaluation for ocular sun exposure.
H uman tissue damage associated with ultraviolet (UV) radiation exposure is responsible for significant loss of quality of life and approximately 60,000 premature deaths annually. 1 While premature deaths are primarily secondary to cutaneous melanoma, the World Health Organization identified three ocular diseases with enough support in the literature to be associated with UV exposure: cortical cataract, pterygium, and squamous cell carcinoma of the cornea and conjunctiva. 1 It is thought that many UV exposure-associated diseases involve oxidative stress. [2] [3] [4] Oxidative stress is known to be an important component of UV-induced damage. In general, oxidative stress occurs when reactive oxygen species (ROS) levels exceed the antioxidant capacity of a biological system. While ROS are a normal part of healthy biological processes, extended levels of elevated oxidative stress leads to tissue injury and molecular damage. 5 Levels of oxidative stress can be influenced by UV irradiation, toxic chemicals, and genetic responses. 3 UV-induced oxidative stress has been demonstrated to cause protein, lipid, and DNA damage in animal models 6, 7 and cell culture (Andley U. IOVS 2009;50:ARVO E-Abstract 2537). 8 However, to our knowledge human studies showing UVinduced ocular surface oxidative stress are not found in the literature. This void in our knowledge base and the scientific literature is a barrier to progress in the field for development of viable effective methods to reduce or eliminate ocular disease induced by UV exposure.
Although to our knowledge no human studies have demonstrated UV-induced ocular surface oxidative stress, based on animal models it was anticipated that human tears would show increased oxidative stress markers with higher amounts of UV exposure. We assessed oxidative stress by examining levels of damaged lipid and DNA products. Specifically, the purpose of this study was to evaluate feasibility and repeatability measurements of hexanoyl-lysine (HEL) levels and 8-hydroxy-2 0 -deoxyguanosine (8OHdG) levels for in vivo human tear samples, and to evaluate relationships for these measures with previously reported methods of evaluation for ocular sun exposure and conjunctival ultraviolet autofluorescence (UVAF). 9 
METHODS

Subjects
A total of 50 volunteers were seen for 2 visits 14 6 2 days apart. Designed as a feasibility study, inclusion and exclusion criteria were liberal. All adults 18 years and older were included. Only those who self-reported current pregnancy or lactation, or sporadic use of topical ocular medications were excluded from the study. Before initiation of the study, this research was approved by The Ohio State University Institutional Review Board. Participants signed an informed consent document following the tenets of the Declaration of Helsinki. After inperson screening for ocular pathology by slit-lamp examination, a brief medical history questionnaire, and the Ocular Surface Disease Index (OSDI, Allergan, Parsippany-Troy Hills, NJ, USA) 10 were completed, in addition to sun exposure questionnaires. 11, 12 Tear samples then were collected from each eye.
Tear Collection
Glass microcapillary tubes (Drummond Microcaps; SigmaAldrich Corp., St. Louis, MO, USA) were used to collect tears from the inferior tear meniscus. Tear samples were collected with care to minimize stimulation of tearing and inadvertent collection of cells. After collection, tears were removed from the microcapillary tubes and stored in microcentrifuge tubes at À808C until analysis.
Ocular Surface Vital Staining
Although the present study was not designed to evaluate a specific ocular disease, such as dry eye, ocular surface vital staining was used to evaluate for possible sample collectioninduced ocular surface damage. Following sample collection, 5 lL of nonpreserved fluorescein sodium (Leiter's Compounding Pharmacy, San Jose, CA, USA) was instilled into the inferior culde-sac of each eye and the corneas examined for evidence of superficial punctuate keratitis and/or corneal abrasion induced during sample collection. Next, 5 lL of nonpreserved Lissamine green (Leiter's Compounding Pharmacy) was instilled into the inferior cul-de-sac of each eye and the conjunctivas examined for evidence of conjunctival cell loss and/or sample collection induced abrasions.
Ocular Sun Exposure
Ocular sun exposure was estimated over a 2-week time period by questionnaires as described previously. 9 To summarize, questionnaires of ocular protection habits and hours spent in outdoor activities over the most recent 2-week time period were administered. 11 Each protective measure was assigned a number relative to their ocular exposure-specific effectiveness. 13 The outdoor activity questionnaire asked each participant to estimate over the past 2 weeks the number of hours spent doing each of the following activities: driving, gardening, home, walking/light exercise, recreation, water, and leisure. 12 The mean total number of hours reported less those spent driving were used in subsequent calculations.
Conjunctival UVAF
Conjunctival UVAF was estimated as reported previously. 9 In summary, images were obtained using a camera system designed to acquire visible light emitted from conjunctival tissue following stimulation with UV light. Total UVAF was obtained for each subject by summing nasal and temporal areas of autofluorescence for both eyes.
Quantification of Oxidative Damage by HEL Enzyme-Linked Immunosorbent Assay (ELISA)
Oxidative stress damage was evaluated by measuring lipid peroxidation in tears using a commercially available HEL ELISA 14, 15 (Northwest Life Science Specialties, LLC, Vancouver, WA, USA). Tear samples from the right and left eyes were pooled by subject for each visit. Following pooling, tear samples were diluted for each subject to 1:20 concentration with 1 3 phosphate buffered saline (PBS) before ELISA analysis.
The HEL ELISA protocol was followed according to manufacturer's recommendations. Manufacturer recommended four parameter logistic standard curves were generated using an online software program (Readerfit.com; Hitachi Solutions America, San Bruno, CA, USA) to quantify HEL levels based on the obtained absorbance data.
Quantification of Oxidative Damage by 8OHdG ELISA
DNA damage was measured using a commercially available 8-OHdG ELISA 16 (Northwest Life Science Specialties). Tear samples from the right and left eyes were pooled by subject for each visit. Following pooling, tear samples were diluted for each subject to 1:20 concentration with 1 3 PBS before ELISA analysis. The protocol for the 8OHdG ELISA was followed according to manufacturer's recommendations. Manufacturerrecommended four parameter logistic standard curves were generated using an online software program (available in the public domain at Readerfit.com) to quantify 8OHdG levels based on the obtained absorbance data.
Statistical Analysis
Data were analyzed using IBM SPSS Statistics 21 (IBM Corporation, Armonk, NY, USA) software. Means, standard deviations, percentages, and frequencies were used to summarize data collected. Thus, normal values are provided to calculate sample size estimates to detect differences between groups for two continuous or dichotomous variables. In addition, repeatability based on test-retest variability for ELISAs was evaluated using Bland-Altman plots. Furthermore, univariate and multivariate linear regression was conducted to evaluate relationships between measures. Statistical significance was accepted at probability level less than 5%.
RESULTS
Subject Characteristics
The study included 50 subjects recruited from The Ohio State University, 58% female, with a mean age of 38 6 13 (range, 21-64) years. Nine subjects reported outdoor occupations, 41 reported indoor occupations. Four subjects were classified as having mild dry eye at visit one based on their responses to the OSDI. Corrective lenses were worn by 30 subjects: 20 spectacles, 10 contact lenses. Of the 10 subjects who wore contact lenses, only three reported wearing known UV absorbing lenses, three reported wearing known non-UV absorbing lenses, and the remaining four were not aware of the specific brand of contact lenses worn. All subjects completed the study and there were no adverse events.
Descriptive Statistics
Descriptive statistics were generated for measures of ocular sun exposure, tear HEL, tear 8OHdG, and conjunctival UVAF ( Table 1) . Violations of assumptions for normal data distribution were evident (Shapiro-Wilk); thus, to better approximate normal distribution log 10 or square root transformation of the data was performed.
Bland-Altman scatter plots were generated for tear HEL expression ( Fig. 1) , and tear 8OHdG expression ( Fig. 2 ) to obtain estimates of repeatability based on test-retest variability, with mean differences (bias) and 95% limits of agreement were calculated (Table 1) . A range of agreement was defined as mean bias 6 1.96 SDs.
Linear Regression Analyses
Multivariate linear regression forward stepwise models were built. Independent variables considered for each model included age, sex, occupation (indoor or outdoor), season (winter or spring), contact lens wear, tear HEL levels, tear 8OHdG levels, ocular sun exposure, and total UVAF. Sensitivity testing subsequently was done to evaluate the effect if the four subjects determined to have mild dry eye based on their responses to the OSDI at visit one were eliminated from the data set; no significantly different results were found for any of the models. Furthermore, although not significant in linear regression models, with univariate linear regression contact lens wear was found to predict higher tear HEL expression (P ¼ 0.042), yet was not predictive of higher tear 8OHdG expression (P ¼ 0.545). Multiple linear regression models were built and tested using the best fit raw data (Tables 2, 3 ) and using transformed data. For ease of interpretation, regression coefficients are discussed here only for the raw data linear regression models.
Tear HEL Expression. Univariate predictors significantly associated with tear HEL expression were tear 8OHdG expression, sex, occupation, contact lens wear, and season of collection. Using transformed data, tear 8OHdG expression (P ¼ 0.017) was identified as a predictor of higher levels of tear HEL expression. Additionally, female sex (P ¼ 0.024), indoor occupation (P ¼ 0.003), spring season of collection (P ¼ 0.003), and contact lens wear (P ¼ 0.042) predicted higher tear HEL expression. For the raw data, significant univariate predictors of tear HEL expression were higher tear 8OHdG expression (P ¼ 0.001), female sex (P ¼ 0.011), and indoor occupation (P ¼ 0.009). Spring season of collection (P ¼ 0.003) continued to predict higher tear HEL expression; contact lens wear was not significant (P ¼ 0.071) using the raw data. The best fit multiple linear regression model for describing tear HEL expression using raw data as a possible predictor included tear 8OHdG expression and season (Table 2) . This model provided a weakly moderate description of tear HEL expression. After adjusting for age and sex, tear 8OHdG expression and season of collection remained significant. Based on this model, for one unit of increase in tear 8OHdG expression, we predicted on average an increase of 158 units of tear HEL expression. For spring season of collection, we predicted on average a 6247-unit increase in tear HEL expression. Age and sex were not significant predictors of tear HEL expression in this model.
Tear 8OHdG Expression. Significant univariate regression relationships using transformed variables for tear 8OHdG expression were found for total UVAF, tear HEL expression, and sex. Increased total UVAF predicted lower tear 8OHdG expression (P ¼ 0.015). On the other hand, increased tear HEL expression (P ¼ 0.017) and female sex (P ¼ 0.002) predicted higher tear 8OHdG expression. Using the raw data the same predictors of tear 8OHdG were identified with the same directions of influence as found using the transformed data.
Analysis of the raw data generated a model for tear 8OHdG expression including tear HEL expression, sex, and total UVAF (Table 3) . This model was robust. After adjusting for age and sex, tear HEL expression remained a significant predictor and total UVAF nearly achieved significance as a predictor. Based on coefficients in this model, we predicted that for a 10,000 unit increase in tear HEL expression we expected on average an increase of 10.75 units of tear 8OHdG expression. In addition, there was a strong suggestion that for a one-unit increase in total UVAF on average we expected tear 8OHdG to decrease by 0.53 units.
When considering transformed data, outcomes followed a similar pattern (Table 4) . The linear regression model for tear 8OHdG expression using transformed data was highly significant and showed tear HEL expression (P ¼ 0.003) and age (P ¼ 0.024) as predictors. Sex, UVAF, and ocular sun exposure did not remain significant in this model. However, the model generated with transformed conjunctival UVAF data as the outcome variable was not significant (P ¼ 0.082), yet 8OHdG FIGURE 2. Bland-Altman plot illustrating variability of raw data for tear 8OHdG levels (n ¼ 50). Solid line shows bias (mean differences). Dotted lines show 95% limits of agreement. 
DISCUSSION Assessment of Oxidative Stress
It is challenging to directly detect ROS due to their high reactivity and short half-lives. 17 Therefore, it is more common to measure the deleterious products formed by ROS actions. 18 Biologically relevant oxidative stress markers include those for damage to lipids, proteins, and DNA, as well as assessment for antioxidant activity.
Lipid Damage. The first point of contact for UV exposure on the ocular surface is the tear film. At the forefront of the tear film is the lipid bilayer. Furthermore, just posterior to the tear film is the ocular surface with its large surface area composed, in part, by several layers of epithelial cells, with each cell enclosed by a lipid bilayer membrane. These lipid bilayer structures are likely subject to ROS-mediated UV damage, and lipid peroxidation may be the first evidence of ocular surface oxidative damage. HEL is a lipid hydroperoxide-derived oxidation product from omega-6 fatty acids. 19 A limited number of publications investigating biomarkers in human tears for other steps in the lipid peroxidation pathway are available; increased expression was reported for two later stage products, 4-hydroxy-2-nonenal and malondialdehyde, in those with dry eye and increased age. 20, 21 As HEL represents only one step in the lipid peroxidation pathway, future additional studies evaluating tears and ocular surface samples for different types of lipid peroxidation products would help clarify the potential significance of other lipid peroxidation effects.
The present study has identified tear HEL values that are considerably higher than those previously reported for human tears. 14, 15, 20, 22, 23 Reasons for this could be experimental differences in tear sample preparation and analysis, environmental-induced variation (i.e., previous reports are all from Japan), dietary differences, or genetic variation in HEL production. In support of diet-induced variation, it is well established that consumption of omega-6 fatty acids is much higher for those who choose a Western diet compared to those who consume a traditional Japanese diet. 24 Furthermore, increased consumption of omega-6 fatty acids may lead to altered lipogenic mRNA transcription, 25 possibly facilitating increased production of HEL. Further research is needed to clarify the source and determining factors of HEL expression on the ocular surface.
DNA Damage. Following its discovery in 1984, 8OHdG has become the most widely accepted assay for oxidative DNA damage. 26 While many oxidative mechanisms may contribute to its production, 8-OHdG is formed primarily from oxidative DNA damage by the interaction of hydroxyl radicals with the DNA base guanosine. 27 Relevant to the ocular surface, 8OHdG has been detected in surgically obtained human conjunctival specimens, 23, 28 cultured human corneal epithelial cells, 29 and murine corneal tissue samples. 7 For the first time to our knowledge, we report detection of tear 8OHdG levels. We expect that the origin of tear 8OHdG is from damage to DNA in the ocular surface epithelium with subsequent accumulation in the tears.
Bland-Altman Plot Assessment of Repeatability
Tear HEL Levels. While the mean difference for tear HEL levels may appear high (þ529.27), it should be stressed that this only represents approximately 3% of the limits of agreement values, and, thus, is comparatively near zero. Although the data point spread is somewhat wide, there is no apparent systematic variation of the means. To date, clinically acceptable variation in tear HEL levels has not been well defined, yet the test-retest variability found here is acceptable for use of this measure in future studies.
Tear 8OHdG Levels. Repeatability for tear 8OHdG levels also was good, with the mean difference close to zero, as þ3.53 is approximately 5% of the limits of agreement. The majority of scatter plot points cluster very near the mean difference; however, a possible increase in variability with increased levels of tear 8OHdG is apparent. This variability may be explained by factors affecting ocular sun exposure, such as time spent outdoors due to occupation, ambient temperature, and use of ocular protective measures. Variability of the 8OHdG ELISA also may have a role. The ELISA manufacturer does not provide data on the assay's intra-or interassay precision. As this is the first time for tear 8OHdG levels to be reported to our knowledge, clinically acceptable variation is yet to be determined; however, we considered the test-retest variability found here to be acceptable.
Linear Regression Models
Tear HEL Expression. Increased tear 8OHdG expression was identified consistently as a predictor of higher levels of tear HEL expression using univariate and multivariate models, and when using either transformed or raw data ( Table 2 ). This positive predictive relationship strongly suggested that lipid modification is accompanied by DNA modification on the ocular surface.
Univariate predictors for tear HEL expression demonstrate female sex, indoor occupation, spring season of collection, and contact lens wear may predict higher expression. Collectively these predictors support increased tear lipid peroxidation may be present in these subject groups when compared to male sex, outdoor occupation, winter season of collection, and no contact lens wear. However, when considering them together with the fact that univariate logistic regression demonstrated male sex predicted winter season of collection (P ¼ 0.005), it is strongly suggested that the present study data were confounded by the fact that most samples collected from males and those with outdoor occupations were collected during the winter season. Furthermore, spring season of collection may have an influence on tear HEL expression directly through increased tear HEL expression and indirectly by possible increased release of cellular HEL into the tears. Subsequently, there is limited evidence in the present study to support the significance of sex, occupation, season of collection, and contact lens wear to tear HEL expression. It was expected that increased levels of UV exposure would result in increased tear HEL expression; however, this hypothesis was not supported by the present data. Specifically, it was expected that those with outdoor occupations would have higher levels of tear HEL when compared to those with indoor occupations. Consequently, increased exposure to UV by those with outdoor occupations was expected to cause increased levels of lipid peroxidation. However, as reported previously, study subjects with outdoor occupations had only marginally higher hours of ocular sun exposure as they completed the study during the cold 2014 Ohio winter season. 9 This may explain why tear HEL expression was not increased in those with outdoor occupations. Alternatively, it was not surprising that sample collection in the spring season was associated with increased tear HEL expression. When compared to winter, ambient UV levels increase 30, 31 along with outdoor activities during warmer seasons, potentially resulting in increased UV exposure.
Tear 8OHdG Expression. Increased tear HEL expression consistently predicted higher tear 8OHdG expression. This positive predictive relationship was evident for univariate analysis and multivariate models using transformed or raw data. These results provide strong support that DNA damage occurs concurrently with lipid damage on the ocular surface. 7, 23 Although the significance of tear HEL expression as a predictor of tear 8OHdG expression is strong in the transformed (P ¼ 0.003) and raw (P < 0.0001) data-based models, the coefficient of determination is small at a 10.09-unit increase in the raw data model per 10,000-unit increase of tear HEL expression. Hence, relevance of this finding to ocular surface disease remains to be evaluated.
While increased tear HEL expression predicted higher tear 8OHdG expression, we previously reported that increased UVAF predicted lower tear 8OHdG expression in univariate analyses and nearly reached significance in multivariate models (Haworth K and Chandler HL. IOVS 2016;57:ARVO E-Abstract 3509). Therefore, data herein provided moderate support for conjunctival UVAF being associated with decreased tear DNA damage expression. Given the small sample size, it is possible the present study is underpowered to detect a significant relationship in the multivariate model.
It is possible conjunctival UVAF results in decreased tear 8OHdG expression as a result of altered collagen, as occurs with collagen cross-linking, shown to cause autofluorescence following UV exposure. 32 Moreover, surgically excised pterygia tissue was demonstrated to have increased 8OHdG expression when compared to adjacent normal tissue. 28 Chronic UV exposure may result in increased conjunctival UVAF. Given conjunctival collagen is located primarily in the posterior region of the substantia propria, changes to this region may be permanent and may affect overall conjunctival tissue function; one altered function may be reduced epithelial shedding. Moreover, anterior surface conjunctival epithelial cells may be affected more transiently by recent UV exposure, and may result in simultaneous expression of tear HEL and tear 8OHdG. Consequently, it is suggested that UV exposure-associated altered collagen and cells may have reduced function and, rather than shedding into the tear film, are more frequently retained on the ocular surface, subsequently reducing tear film 8OHdG expression.
Detection of 8OHdG in tears in the present study suggested that shedding from the conjunctival and corneal epithelial cells may accumulate in the tear film, and suggested that DNA repair may accompany lipid peroxidative damage. Hence, it has been shown to our knowledge for the first time on the ocular surface using human in vivo samples that lipid damage is associated with DNA damage. Future studies will help delineate the clinical relevance of this relationship to ocular surface disease.
CONCLUSIONS
Feasibility and repeatability are demonstrated for the previously unreported ELISA measurement of oxidative stress levels in human tears (8OHdG). Furthermore, linear regression analysis suggested that lipid damage is associated with DNA damage on the ocular surface. Additionally, findings supported that an inverse relationship may exist between conjunctival UVAF and tear 8OHdG expression. Findings from this study established a baseline in normal subjects for future studies comparing these outcome measures with ocular surface disease groups.
It is recognized there are limitations to this study. The study was designed as a feasibility study to demonstrate detection ability of outcome measures for in vivo human ocular surface samples, so inclusion criteria were liberal. Inclusion of those with dry eye and contact lens wearers may have confounded the findings. Furthermore, participant smoking status was not queried and is known to increase expression of lipid peroxidation markers.
14 Future studies with more restrictive inclusion and exclusion criteria will help to clarify and delineate the significance of the present findings to ocular surface disease. It is hoped the outcome measures reported here will stimulate additional studies to provide further insight into the importance of the tear film lipid layer for the maintenance of ocular surface equilibrium, as well as its potential role in the onset of ocular surface disease.
